The molecular geometry, vibrational spectra, and gauge including atomic orbital (GIAO), individual gauges for atoms in molecules (IGAIM), and continuous set of gauge transformations (CSGT) 1 H and 13 C chemical shift values of ethyl 6-chloro-2-oxo-2H-chromene-3-carboxylate (C 12 H 9 ClO 4 -(I)) and ethyl 6-bromo-2-oxo-2H-chromene-3-carboxylate (C 12 H 9 BrO 4 -(II)) in the ground state have been calculated by using the Hartree-Fock (HF) and density functional method (B3LYP) with 6-31G+(d,p) basis set. The results of the optimized molecular structure are presented and compared with the experimental X-ray diffraction. The computed vibrational frequencies were used to determine the types of molecular motions associated with the spectra of the experimental bands observed. Also, calculated 1 H and 13 C chemical shift values were compared with the experimental ones.
Introduction
Coumarins represent a class of organic compounds which has extensive and diverse applications [1] . Firstly, coumarins possess distinct biological activity [2] and have been described as agents with potential for anti-cancer and anti-coagulant activity [1] . They have demonstrated a great variety of biological properties as anti-inflamatories [3] , anti-bacterials [4] and anti-helmintics [5] . Coumarin and its derivatives are known to exhibit photosensitizing properties [6] . They have been proposed in HIV [7] and cancer [8] treatment, as well as being inhibitors of monoaminooxidase [9, 10] . Particularly, furocoumarins (psoralen and its derivatives) have been reported to photoinduce skin erythema [11, 12] and skin cancer in mice [13] . On the other hand, furocoumarins are important drugs used in the photochemotherapy of skin diseases such as psoriasis [14] and vitiligo [15] . The skin photosensitizing ability of furocoumarins has been correlated with their photoreactivity toward pyrimidine bases of DNA to form cyclobutane-type adducts and interstrand crosslinks with two pyrimidine bases on separate strands of DNA double helix [16, 17] . In order to understand 0932-0784 / 09 / 1100-0745 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com the photosensitizing mechanism of furocoumarins, it is important to obtain information on the structures and dynamics of the excited states and photolytically generated transient species of coumarin. Due to its structural similarities with psoralen, coumarin serves as a useful model for elucidating spectroscopic characteristics of the transient species of psoralen and its derivatives [6] . Non-covalent interactions are involved in most of the molecular recognition processes [18] . Particularly, hydrogen bonding and π-stacking interactions are responsible for the self-association of coumarin derivatives in the solid state [19, 20] . Coumarin derivatives are known to be important laser dyes [21] , whereas unsubstituted coumarin will hardly emit fluorescence [22] . In addition, coumarin itself is also known to show interesting photochemical behaviours, particularly the dimerization to form cis and trans head-to-head dimers through excited singlet and triplet states in polar and nonpolar solvents [23] .
In previous publication, Santos-Contreras et al. worked with isostructural ethyl 6-chloro-and 6-bromo-2-oxo-1H-benzopyran-3-carboxylates. It was characterized by elemental analyses, IR, 1 H and Fig. 1 . The molecular structures of isostructural ethyl 6-chloro-and 6-bromo-2-oxo-1H-benzopyran-3-carboxylates, viz. (I) and (II), respectively [18] . 13 C NMR, and X-ray diffraction [18] . In recent years, the ab initio and the density functional theory (DFT) has become a powerful tool in the investigation of chemical shift, vibrational spectra, and molecular structure [24] . So in this study, we have calculated the vibrational frequencies, geometric parameters, and GIAO, IGAIM, CSGT 1 H and 13 C chemical shift of the title compounds in the ground state using HF (HartreeFock) and B3LYP (Becke-3-Lee-Yang-Parr) methods with 6-31G+(d,p) basis set.
Computational Details
The approximate geometries at three dimensions of title compounds (I, II) are drawn in GaussView 3.07 package programme [25] on personal computer. With the assistance of this programme in the ground state (in vacuo) the title molecules are optimized by HartreeFock (HF) and the density functional method (B3LYP) with the 6-31G+(d,p) basis set using Gaussian 03W package programme [26] . Vibrational frequencies for optimized molecular structures have been calculated and all the calculated vibrational frequencies are scaled by 0.89 for HF and 0.96 for B3LYP for 6-31G+(d,p) basis set, respectively [27] . 1 H and 13 C NMR chemical shifts are calculated within GIAO, IGAIM, and CSGT approach applying B3LYP and HF method with 6-31G+(d,p) basis set.
Results and Discussion

Geometrical Structure
The title compounds 15.5540 (12) Table 1 and compared with the experimental crystal structure for the title compounds. Based on our calculations, the result of HF method has shown a better fit to experimental data than B3LYP in evaluating bond lenghts, bond angles, and dihedral angles for both two title compounds. The largest difference between experimental and calculated HF bond length is about 0.023Å for (I) and 0.021Å for (II).
It is well known that the HF calculation underestimates bond lengths and the inclusion of the electron correlation makes them longer [29] . This elongation usually makes the agreement better between the optimized and the experimental geometric parameters. This pattern is also observed here. Most of the bond distances and angles in (I) and (II) are very similar to the values reported for the isomorphic ethyl coumarin-3-carboxylate, (III) [18] , except for the O1-C9 bond length, which is slightly shorter; the mean value is 1.366(2)Å for (I) and (II), compared with 1.377(2)Å in (III) [20] . This is probably due to the inductive negative effect of the halogen atom on the lactone O atom (O1) lone pair of electrons [18] . Compounds (I) and (II) present an anti-conformation between the 3-carboxy and the lactone carbonyl groups, in contrast to the previously reported syn arrangement in (III). In both title molecules, the lactone and the carboxylate carbonyl groups are out of the plane defined by atoms O1/C3-C10 by 8.37(6) • and 17.57(6) • , respectively, for (I), and by 9.07(8) • and 18.96 (18) • , respectively, for (II) [18] . The above mentioned carbonyl derivations from planarity seem to be related to intermolecular interactions. It is interesting to note that the replacement of Cl by Br does not alter the molecular packing [18] . It is noted that the experimental results belong to the solid phase and the theoretical calculations belong to the gaseous phase.
Assignments of the Vibration Modes
The title molecules (I) and (II) have 26 atoms and 72 normal modes of vibrations. Optimized ground state vibrational modes for studied molecular structures were obtained by ab initio HF and DFT (B3LYP) with 6-31G+(d,p) levels. The experimental vibrational spectra of the title compounds were reported by Santos-Contreras and co-workers [18] .
We have compared our calculations of the title compounds with their experimental results. Theoretical and experimental vibrational results are shown in Table 2 . The C=O stretching calculated at B3LYP/6-31G+(d,p) after scalling down gives the values of 1821 -1742 cm −1 and 1821 -1741 cm −1 which are nearer to the observed values of 1743 -1700 cm −1 for compound (I) and 1743 -1718 cm −1 for compound (II) [18] . The asymmetric stretching for the CH 2 and CH 3 is a magnitude higher than the symmetric stretching. Other assignments of internal vibrations can be seen in Table 2 . As can easily see from the tables, the experimental fundamentals are in a better agreement with the scaled fundamentals and are found to have a better correlation for B3LYP than HF. When the HF and B3LYP calculated frequencies are compared, almost all the frequencies are in good accord with each other. 
Assignments of the Chemical Shift Values
For comparison of the calculated and the experimental NMR data, the shielding tensors of the molecules in question were calculated with the standard Gaussian 03W [26] program. The electronic structures of the molecules were treated by both HF and B3LYP methods with 6-31+G(d,p) basis set.
The NMR shielding tensors were computed with three different methods: the GIAO (gauge independent atomic orbital) [30] , CSGT (continuous set of gauge transformations) [31] , and IGAIM (individual gauges for atoms in molecules) [32] methods. Table 3 gives 13 C and 1 H chemical shifts. HF/GIAO denotes the following procedure: the geometry minimized the corresponding HF energy and the wave function was calculated at the HF level, presuming the calculation of the optimum geometry. The NMR data were calculated by the GIAO method. The notations B3LYP/GIAO, HF/IGAIM, B3LYP/IGAIM, etc. are similar. The results are presented in Table 3 .
First of all, molecular structures of the title compounds are optimized by using HF and B3LYP method with 6-31G+(d,p). Then, GIAO, IGAIM and CSGT 1 H and 13 C calculations of the title compounds (I, II) have been carried out using same methods with same basis set. In previous publication, IR and 1 H and 13 C NMR spectra (DMSO-d 6 ) of the title compounds were studied [18] . We compared our calculations with their experimental chemical shift values. These results are shown in Table 3 .
"Gauge-independent", or "gauge-invariant" atomic orbitals (GIAO), as they have been termed by several authors, guarantees that computed magnetic properties are left invariant in a translation of origin of the coordinate system [33] . In the gauge invariant atomic orbital (GIAO) method, each atomic orbital has its own local gauge origin placed on its center. Several other methods have appeared in the literature, such as the individual gauge localized orbital (IGLO) method of Schindler and Kutzelnigg [34, 35] and the continuous set of gauge transformations (CSGT) method of Keith and Bader [31, 32] . In the CSGT method, the current density at every point of space is computed assuming that the same point is also the origin of the vector potential.
We can see in Table 3 
Conclusions
In this study, the results of experimental and the HF and DFT level of theory with 6-31G+(d,p) basis set are reported. Computed and experimental geometric parameters, vibrational frequencies and chemical shifts of the title compounds have been compared. To fit the theoretical frequency results with the experimental ones for HF and B3LYP levels, we have multiplied the data. Multiplication factor gained results seemed to be in a good agreement with experimental ones. The B3LYP levels which include the effects of electron-correlation have shown better fit to the experimental ones than those of HF levels in terms of evaluate bond angles, vibrational frequencies, and chemical shifts. In these regard, geometric parameters, fundamental frequencies, and chemical shifts for diverse molecular structure analysis can change with respect to the different theoretical approaches.
